ADAMTS9 is the most conserved member of a large family of secreted metalloproteases having diverse functions. Adamts9 null mice die before gastrulation, precluding investigations of its roles later in embryogenesis, in adult mice or disease models. We therefore generated a floxed Adamts9 allele to bypass embryonic lethality. In this mutant, unidirectional loxP sites flank exons 5 through 8, which encode the catalytic domain, including the protease active site. Mice homozygous for the floxed allele were viable, lacked an overt phenotype, and were fertile. Conversely, mice homozygous for a germ-line deletion produced from the floxed allele by Cre-lox recombination did not survive past gastrulation. Hemizygosity of the deleted Adamts9 in combination with mutant Adamts20 led to cleft palate and severe white spotting as previously described. Previously, Adamts9 haploinsufficiency combined with either Adamts20 or Adamts5 nullizygosity suggested a cooperative role in interdigital web regression, but the outcome of deletion of Adamts9 alone remained unknown. Here, Adamts9 was conditionally deleted in limb mesoderm using Prx1-Cre mice. Unlike other ADAMTS single knockouts, limb-specific Adamts9 deletion resulted in softtissue syndactyly (STS) with 100% penetrance and concurrent deletion of Adamts5 increased the severity of STS. Thus, Adamts9 has both non-redundant and cooperative roles in ensuring interdigital web regression. This new allele will be useful for investigating other biological functions of ADAMTS9.
INTRODUCTION
Secreted metalloproteases have crucial roles in proteolytic processing of cell-surface, extracellular matrix (ECM) and other secreted molecules. The 19 ADAMTS (A disintegrin-like and metalloproteinase domain with thrombospondin type 1 motif) family members constitute a major class of such proteases, and share a modular structure containing one or more thrombospondin type 1 repeats (TSRs) (Apte, 2009) . ADAMTS proteases are synthesized as zymogens having an N-terminal propeptide, which regulates folding and activity of the adjacent catalytic domain. An ancillary domain downstream of the catalytic domain contains the TSRs and is typically required for substrate binding. Phylogenetic analysis has identified ADAMTS gene expansion during vertebrate evolution, implying that vertebrate ADAMTS proteinases have conserved, duplicated, or newly acquired functions (Huxley-Jones et al., 2005) . Indeed, inherited human or animal mutations and targeted mouse mutations have identified diverse functions for ADAMTS proteases in a variety of contexts (Apte, 2009 ).
ADAMTS9 is the largest ADAMTS as well as the most highly conserved family member, based on its high homology to nematode and fruit fly proteases, named Gon-1 and Adamts-A respectively (Blelloch et al., 1999; Clark et al., 2000; Ismat et al., 2013; Somerville et al., 2003) . Previous work identified two extracellular matrix proteoglycans, versican and aggrecan, as ADAMTS9 substrates (Somerville et al., 2003) . Versican is widely distributed during mouse embryogenesis, whereas aggrecan is a specialized product of cartilage. Neither proteoglycan is encoded by the nematode or fruit fly genomes (Ismat et al., 2013) . To determine ADAMTS9 functions during vertebrate embryogenesis, we previously characterized an Adamts9 null allele (Adamts9 LacZ ) in which intragenic IRES-lacZ was used to disrupt the gene (Kern et al., 2010) . Mice hemizygous for this allele developed externally evident ocular defects and subtle cardiac developmental anomalies (Kern et al., 2010; Koo et al., 2010) . Adamts9 LacZ/LacZ null mice, however, did not survive past 7.5 days of gestation (Kern et al., 2010) , for reasons that are not yet fully understood, which has precluded comprehensive analysis of its biological and disease impact. When bred for many generations into the C57Bl/6 strain, Adamts9 LacZ/+ mice showed a variable penetrance of cardiac developmental anomalies (Kern et al., 2010) and 80% penetrance of ocular anterior segment dysgenesis (Koo et al., 2010) .
The proteoglycan-cleaving activity of ADAMTS9 is shared with other family members, among them ADAMTS20 and ADAMTS5. ADAMTS20 is highly homologous to ADAMTS9 and is evolutionarily related to Gon-1 (Llamazares et al., 2003; Somerville et al., 2003) , whereas ADAMTS5 is a much smaller protease and is representative of a different ADAMTS evolutionary clade. A spontaneous Adamts20 mutant named belted (bt) demonstrated white spotting of the torso, but otherwise appeared to be normal (Llamazares et al., 2003; Rao et al., 2003) . To investigate the functional relationship of ADAMTS9 with ADAMTS20, combinatorial mutants of Adamts9 and Adamts20 (bt) were generated. Because of lethality of Adamts9 null embryos, double null embryos could not be obtained. Adamts20 bt/bt ; Adamts9 LacZ/+ embryos survived past gastrulation, but died at birth with a fully penetrant, completely cleft secondary palate resulting from delayed migration of palatal shelves to the midline (Enomoto, 2010) . These mice had a massive reduction of pigmented hair follicles compared to Adamts20 bt/bt mice (Silver, 2008) . They developed soft-tissue syndactyly (STS), a phenotype also present in Adamts20 bt/bt ; Adamts5 LacZ/LacZ mice and Adamts9 LacZ/+ ; Adamts5 LacZ/LacZ mice (McCulloch et al., 2009) . In each of these phenotypes, reduced versican processing was associated with the observed developmental defect, suggesting that ADAMTS proteases were crucial for versican processing in these contexts. Furthermore, crosses of Adamts20 bt/bt with Vcan hdf/+ (hdf, heart defect, a Vcan null allele resulting from insertional mutagenesis), i.e., Adamts20 bt/bt ;Vcan hdf/+ mutants, developed cleft palate and STS with high penetrance, suggesting a requirement for processed versican as a molecular mechanism underlying STS and cleft palate (Enomoto, 2010; McCulloch et al., 2009) . Indeed a proteolytically derived versican fragment (including the versican G1 domain and extending from the N-terminus to Glu 441 , i.e., G1-DPEAAE 441 ) named versikine (Nandadasa et al., 2014) could induce apoptosis in Adamts20 bt/bt ; Adamts5 LacZ/LacZ interdigital webs.
Taken together, these findings from single and combined Adamts9 mutants suggested crucial developmental contributions by ADAMTS9 toward normal gastrulation, craniofacial, cardiovascular and limb development, and melanoblast colonization of skin. Detailed developmental expression analysis identified Adamts9 as a major product of mesenchymal cells in developing epithelial organs (such as lung and kidney), as well as some epithelia, vascular smooth muscle cells and microvascular endothelium (Enomoto, 2010; Jungers et al., 2005; Koo et al., 2010; McCulloch et al., 2009) . ADAMTS9 is a tumor suppressor gene in esophageal squamous cell and nasopharyngeal carcinoma, and was shown to be antiangiogenic (Koo et al., 2010; Lo et al., 2010; Lung et al., 2008) . Abnormal ADAMTS9 methylation was found in gastric cancer and it was identified as a tumor suppressor in this cancer (Du et al., 2012; Koo et al., 2010; Zhang et al., 2010) . Furthermore, genome-wide association studies (GWAS) have associated genomic variants near the ADAMTS9 locus with type II diabetes, obesity and age-related macular degeneration, as well as other disorders (Heid et al., 2010; Helisalmi et al., 2014; Zeggini et al., 2008) . The widespread expression of Adamts9 and the multiple developmental and disease contexts in which ADAMTS9 has been implicated, coupled with embryonic lethality of the null allele, underscored the need for a floxed allele for conditional inactivation of Adamts9. We describe here the generation, genetic validation, and utility of such an allele. We have used it to define both non-redundant and redundant roles for Adamts9 in interdigital web regression during mouse development.
A targeting vector was constructed from C57BL/6 genomic DNA by inserting unidirectional loxP sites in intron 4 and intron 8 and a FRT flanked neomycin resistance selection cassette in intron 4 (Fig. 1a) . The exons 5-8, which are targeted for Cre-lox recombination, encode a substantial part of the catalytic domain of ADAMTS9, including the catalytic active site, which is required for proteolysis. The transcript resulting from exon 4-exon 9 splicing after deletion of exons 5-8 would have a frame-shift, and could be subject to nonsense-mediated mRNA decay. This transcript cannot generate a functional protein, since, following targeting, the Adamts9 mRNA, if stable, would generate only the N-terminal propeptide, to which no innate activity has been ascribed in any ADAMTS protease. Following electroporation in ITL C57BL/6 ES cells, potential recombination with the construct was sought using G418 selection. One ES cell clone was identified as correctly targeted by homologous recombination from 96 clones screened using Southern blotting with 5´ and 3ǵ enomic probes (Fig. 1b) . Targeted ES cells were injected into BALB/c blastocysts to generate chimeras. Male chimeras were crossed to C57BL/6 females to obtain F1 progeny carrying one floxed ADAMTS9 allele (designated Adamts9 fl-Neo/+ ), which were identified using PCR of genomic DNA (gDNA).
The presence of Neo in targeting constructs is known to interfere with gene expression (Lewandoski, 2007) . Consistent with this, viable Adamts9 fl-Neo/ fl-Neo mice were not obtained from intercrosses of Adamts9 fl-Neo/+ mice. Therefore, Adamts9 fl-Neo/+ mice were crossed with C57BL/6 mice having an ACTB-FLPe transgene (Rodriguez et al., 2000) for Neo excision by recombination of the FRT sites (Fig. 1a) . Neo excision was confirmed in the progeny of this cross by PCR of gDNA, and these mice were subsequently crossed to wild-type C57BL/6 mice for germline transmission of the Neo-deleted floxed allele (designated Adamts9 fl/+ ) and elimination of the ACTB-FLPe transgene. Intercrosses of Adamts9 fl/+ mice provided Adamts9 fl/fl mice in the expected Mendelian ratio. These mice were viable, fertile and externally normal when followed for up to 1 year of age, suggesting that the inserted loxP sites did not interfere with Adamts9 function. In particular, Adamts9 fl/fl mice lacked the highly penetrant, externally evident ocular phenotype reported in Adamts9 lacZ/+ mice (Koo et al., 2010) . Taken together, these findings suggested unimpaired ADAMTS9 function after genetic engineering to produce Adamts9 fl .
To validate Adamts9 fl/+ for its utility in gene targeting, we crossed Adamts9 fl/+ mice with Prm1-Cre mice for deletion of Adamts9 in the male germline. Male mice carrying both the Prm1-Cre and Adamts9 fl transgenes were crossed with female mice to obtain mice with a germline deleted allele (designated Adamts9 del ) and lacking the Prm1-Cre transgene. Analysis of Adamts9 del/+ adult mice revealed similar cardiac valve anomalies as previously described in Adamts9 LacZ/+ mice (Kern et al., 2010 ) and a fully penetrant eye defect (Dubail et al, unpublished data), similar to that previously observed in Adamts9 LacZ/+ mice (Koo et al., 2010) . This suggested that germline targeting of the floxed allele had led to its inactivation and that Adamts9 del was functionally equivalent to the previously described null (Adamts9 LacZ ) allele. Adamts9 del/+ intercrosses failed to give any viable progeny and analysis of the gestational outcome at E7.5 identified several small, Adamts9 del/del malformed embryos in a Mendelian ratio (Nandadasa et al, unpublished observation) consistent with embryonic death by E7.5 as previously reported in Adamts9 lacZ/+ intercrosses (Kern et al., 2010) . The analysis of these embryos is ongoing and will be reported elsewhere. Furthermore, in a complementation test, intercrosses of Adamts9 del/+ male and Adamts9 LacZ/+ female mice provided no Adamts9 del/LacZ mice from 40 genotyped progeny (versus expected Mendelian proportion of 25%. i.e. 10 mice), nor were any Adamts9 del/LacZ embryos identified following Caesarian section at E9.5. Instead, of 25 E9.5 gestational products that were analyzed, 6 were necrotic and undergoing resorption, consistent with death within the prior 48 hours; these represented a Mendelian fraction of 25%.
Next, we generated Adamts20 bt/bt ; Adamts9 del/+ mice; these developed cleft palate with 100% penetrance as previously shown in Adamts20 bt/bt ; Adamts9 LacZ/+ mice ( Fig. 2a ) (Enomoto, 2010) , showed greatly reduced melanoblasts in hair follicles as previously reported ( Fig. 2B) (Silver, 2008) and developed STS (Fig.S1 ). Taken together, comparable phenotypes as the previously described Adamts9 LacZ allele in the hemizygous as well as null state, failure to complement, and identical phenotypes in combination with Adamts20 bt demonstrated correct gene targeting and validated the Adamts9 fl allele for subsequent Cremediated excision.
Previous work had shown strong Adamts9 expression in interdigital webs of developing limbs that coincided temporally with the regression of these webs and overlapped with the expression of Vcan, Adamts5 and Adamts20 (McCulloch et al., 2009) . In previously published work, we demonstrated that mice lacking Adamts5 or Adamts20 alone had a low penetrance of STS, and that Adamts9 haploinsufficiency alone did not cause STS (McCulloch et al., 2009 ). When present, STS in Adamts5 lacZ/lacZ mice was seen in the hindlimbs, whereas in Adamt20 bt/bt mice, it was in the forelimbs (McCulloch et al., 2009) . When the null mutant of either gene was made haploinsufficient for Adamts9, the combinatorial mutants had a higher penetrance of syndactyly than mice lacking either Adamts20 or Adamts5 alone, and a greater extent of soft tissue fusion along the length of the digits (McCulloch et al., 2009) . Thus, Adamts9 cooperated with Adamts5 and Adamts20 in web regression, but because of early death of Adamts9 lacZ /lacZ mice, the non-redundant role of Adamts9 in limb development, as well as its cooperative role with other ADAMTS proteases was not fully elucidated.
For this reason, we used the Prx1-Cre strain for deletion of Adamts9 in limb mesoderm. The Prx1 promoter region that drives Cre in this mouse strain was previously shown to be active in the mesenchyme, but not the ectoderm of both fore-and hindlimbs from the earliest stages of limb bud development (i.e. from E9.5) and in a subset of craniofacial mesenchyme (Logan et al., 2002 (Fig. 3a) .
RT-PCR of mRNA prepared from Prx1-Cre; Adamts9 fl/fl and Prx1-Cre; Adamts9 fl/del hindlimb skeletal muscle (quadriceps) confirmed gene deletion by identifying a band of the size expected after deletion (Fig. 3b, lane 3) . As an incidental finding, RT-PCR to validate conditional deletion of mRNA (Fig. 3b) identified a novel splice variant of ADAMTS9 (Fig.  3c , variant 2) with skipping of exon 5. Variant 2 affects the propeptide, which has 28 fewer amino acids than variant 1, but maintains the ADAMTS9 open reading frame without altering the number of Cys residues, which are crucial for disulfide bond formation (Fig. 3c) . The presence of both variants in RNA from a number of tissues other than limb muscle obtained from wild-type mice and Adamts9 fl/fl mice (Fig. S2) suggests that Adamts9 alternative splicing is widespread, and was not a consequence of loxP insertion in intron 4. This is the first reported ADAMTS9 splice variant.
Residual intact Adamts9 mRNA was seen in both Prx1-Cre; Adamts9 fl/fl and Prx1-Cre; Adamts9 fl/del muscle, despite the latter presenting only a single floxed allele for Cremediated excision (Fig. 3b,d ). However, it should be clarified, that because of the likely instability of the deleted Adamts9 mRNA, its precise amount is likely to be seriously underestimated, as is indeed suggested by Fig. 3b ; thus, a small amount of undeleted mRNA may well be amplified preferentially in the absence of significant amounts of the deleted, shorter mRNA. Indeed, both Prx1-Cre; Adamts9 fl/fl and Prx1-Cre; Adamts9 del/fl mice developed STS (defined as persistent webs in any interdigit) with 100% penetrance, and were indistinguishable from each other in regard to the number of interdigits affected and the extent of fusion along the digits (Fig. 4b) (Fig. S3) .
Notably, of the various ADAMTS single gene deletions undertaken to date, only that of Adamts9, which is reported here for the first time, has led to STS with 100% penetrance. Analysis of programmed cell death during regression of the web using either acridine orange staining or TUNEL staining showed fewer labeled cells in Prx1-Cre; Adamts9 fl/fl webs ( Fig.  5a-c) . Previously, we showed that STS in Adamts5 lacZ/lacZ ; Adamts20 bt/bt mice was associated with reduced versican proteolysis (McCulloch et al., 2009 ). Furthermore, we had shown that apoptosis could be induced in Adamts5 lacZ/lacZ ; Adamts20 bt/bt webs by application of G1-versikine Indeed, insertion of a versikine-impregnated bead into the hindlimb (interdigit space 2-3) of Prx1-Cre; Adamts9 fl/fl mice induced cell death compared to a control bead soaked in culture medium alone (Fig. 5d ).
To elucidate the cooperative contribution that ADAMTS9 might make with another ADAMTS proteinase in interdigital web regression, we generated Prx1-Cre; Adamts9 fl/fl ; Adamts5 lacZ/lacZ mice. While these mice had a 100% incidence of STS as expected, they also had greater severity than either null allele alone (Fig. 6 , compare with Fig. 4 ). Taken together, these studies demonstrate the non-redundant and cooperative roles (with ADAMTS5) of ADAMTS9 in interdigital web regression. In addition to Adamts9, Adamts5, and Adamts20, whose contribution to web regression has been characterized here and in a previous publication (McCulloch et al., 2009) , at least one other versican-degrading protease gene is expressed concurrently in the interdigital webs during their resorption, namely Adamts1 (Thai and Iruela-Arispe, 2002) . Thus, there is likely a substantially greater cooperativity in ADAMTS-mediated web regression than presently apparent, which remains to be experimentally elucidated.
The present work provides a new mouse model for further dissection of web regression and other developmental roles of Adamts9 using lineage-specific deletion singly or in combination with other ADAMTS genes as shown here. In addition to limb development, such studies are ongoing in our laboratory in the context of potential developmental roles in the eye, cardiovascular system and craniofacial tissues. Perhaps more importantly, it will allow rigorous analysis of human disorders in which ADAMTS9 is increasingly implicated by microarray analysis and GWAS. In addition to cancer, diabetes, obesity, and age-related macular degeneration, which were mentioned previously, new evidence potentially implicates ADAMTS9 in oocyte competence (Huang et al., 2013) , myometrial function during labor (Chaemsaithong et al., 2013) , lung response to second-hand smoke (Xiao et al., 2012) , and age at menopause (Pyun et al., 2013) , as well as several other interesting associations. Conditional deletion using the new floxed allele overcomes the hurdle imposed by lethality of the null allele, and allows dissection of the underlying mechanisms by which ADAMTS9 participates in development and disease pathways.
Materials and Methods

Construction of the targeting vector
The Adamts9 allele was engineered using a 10.68 kb region subcloned from a C57BL/6 BAC clone (RP23:379C7) by flanking exons 5-8 with unidirectional loxP sites. A loxP site is also located adjacent to the FRT flanked cassette for neomycin resistance (Neo) (from pGK-gb2 LoxP/FRT Neo) inserted 299 bp upstream of exon 5 (Fig. 1a) . The short 5h omology arm extended 1.76 kb upstream of the selection cassette, whereas the longer 3h omology arm extended 6.86 kb downstream of exon 8. The region targeted for deletion by Cre-recombinase (exons 5-8) is 2.06 kb. The targeting vector underwent restriction mapping and nucleotide sequencing after each modification step, i.e., to read into the 5´ and 3´ ends of the construct, to verify the 5´ and 3´ ends of the LoxP/FRT Neo cassette and to sequence the homology arms, respectively. The engineered BAC was cloned into a ~2.4kb backbone vector (pSP72, Promega Corp, Madison, WI) containing an ampicillin selection cassette for amplification of the construct prior to electroporation. The total size of the targeting construct (including vector backbone) was 14.78 kb.
Generation of mice carrying the floxed Adamts9 allele
The targeting construct was linearized using restriction endonuclease Not I prior to electroporation into ITL IC1 embryonic stem (ES) cells of C57BL/6 origin (Ingenious Targeting Laboratories, Inc, Stony Brook, NY). ES cell clones surviving G418 selection were analyzed by Southern blot analysis of Nhe I digested genomic DNA using a probe external to the 3´ arm of the construct and a 5´ probe within the short 5´ arm of the construct (Fig. 1a, b) . Correctly targeted ES cells were microinjected into Balb/c blastocysts. Resulting chimeras with a high percentage black coat color were mated to wild-type C57BL/6 mice to generate F1 hemizygous progeny. Tail DNA from pups with black coat color was used for genotyping by PCR as described below. The Neo cassette was deleted by crossing Adamts9 fl-Neo/+ mice to hACTB-FLPe mice (B6.Cg-Tg(ACTFLPe)9205Dym/J; Jackson Laboratories, Bar Harbor, ME). Progeny with Neo deletion were bred to wild-type C57BL/6 mice to ensure germline transmission and eliminate the hACTB-FLPe transgene. The floxed allele was subsequently maintained in this form (designated as Adamts9 fl/+ ). These animal experiments were conducted in compliance with all relevant institutional and national animal welfare laws and with the approval of the Cleveland Clinic's Institutional Animal Care and Use Committee. The new alleles Adamts9 fl/+ and Adamts9 del/+ that are described here are available to the research community upon request.
Germline deletion, conditional deletion of Adamts9 in limb mesoderm and combinatorial deletion with Adamts5
For deletion in the male germline, Prm1-Cre mice (B6Ei.129S4-Tg(Prm1-cre)58Og/EiJ; Jackson Laboratories, Bar Harbor, ME) were crossed to Adamts9 fl-neo/+ mice. Male mice carrying both transgenes were selected by PCR genotyping (see below). These were bred to wild-type C57BL/6 mice to select mice bearing the deleted allele (Adamts9 del/+ ) but not Prm1-Cre. Successful excision of the neo cassette was also verified by sequencing PCR products. Adamts9 del/+ mice were subsequently intercrossed and the vaginal plug was used to determine potential fertilization (The morning the plug was observed was designated as E0.5). Pregnant dams were sacrificed at E7.5, E8.5, or E9.5. These embryos and live born progeny were genotyped to ascertain survival of Adamts9 del/del progeny. For limb-specific conditional deletion, Prx1-Cre mice (B6.Cg-Tg(Prrx1-cre)1Cjt/J, Jackson Laboratories, Bar Harbor, ME) were crossed to Adamts9 fl/+ mice. For conditional deletion, male Prx1-Cre; Adamts9 fl/+ or Prx1-Cre; Adamts9 fl/fl mice were bred to Adamts9 fl/fl or Adamts9 del/+ mice respectively to obtain mice with conditional deletion (Prx1-Cre; Adamts9 fl/fl or Prx1-Cre; Adamts9 fl/del ) in limb mesoderm.
Planar radiography and micro-computerized tomography
Planar radiographs were obtained at post-mortem using an In-vivo DXS Pro instrument equipped with Kodak DXS software (Bruker Biospin Corp., Billerica, MA). High-resolution micro-CT images of limbs were acquired using the Xradia MicroXCT-200 system (Pleasanton, CA, USA.) The following parameters were used for acquisition: 1600 views in a 360° rotation with an exposure time of 10 sec per radiograph. A macro lens was used without a filter and the system was set at a 50 kV/8 W source setting. Images were generated using 3D viewing software (3D viewer) provided with the Xradia scanner.
Tissue analysis
E14.5 hindlimb autopods were stained with acridine orange and photographed as previously described (McCulloch et al., 2009) . Fixation with 4% PFA was followed by paraffin embedding. 5 µm thick sections were analyzed using the TUNEL assay as previously described (McCulloch et al., 2009) . Labeling was quantified using ImageJ ® software. Experimental manipulation of Prx1-Cre; Adamts9 fl/fl hindlimb autopods for insertion of beads soaked in culture medium containing versikine or in control medium lacking versikine was as previously described (McCulloch et al., 2009) . MicroCT, X-ray, Alizarin-red and Alcian blue staining of skeletal preparations was done as previously described (Kaufman, 1992; McCulloch et al., 2009) 
Genotyping
Successful deletion of exons 5-8 was detected by PCR of gDNA using primers in intron 4 (delF: 5' GTAAGCACCAGCTAACACAG3') and intron 8 (flR: 5' ATGTTGAGCCAAGAAAGTTC3') which provided a 450 bp product (Fig. 1a, 3a) . The 
